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SYSTEMS AND METHODS FOR IMAGE
DENOISING USING DEEP

CONVOLUTIONAL NETWORKS

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application claims priority to and the benefit of U.S.

Provisional Patent Application No. 62/987,802, filed 1n the
United States Patent and Trademark Oflice on Mar. 10, 2020
and U.S. Provisional Patent Application No. 62/988,844,
filed 1n the United States Patent and Trademark Office on
Mar. 12, 2020, the entire disclosures of which are mcorpo-
rated by reference herein.

FIELD

Aspects of embodiments of the present disclosure relate to
systems and methods for image denoising using deep con-
volutional neural networks.

BACKGROUND

Image processing or image manipulation 1s one frequent
computer vision task, aiming at the restoration of degraded
image content, {iling-1n of missing information, or applying
various transformations or other mampulations to achieve a
desired result. Image denoising 1s one such 1mage process-
ing technique that 1s commonly applied to 1mages.

SUMMARY

Aspects of embodiments of the present disclosure relate to
systems and methods for image processing, including
denoising, using deep convolutional neural networks.

According to one embodiment of the present disclosure,
a method for denoising an 1mage includes: receiving, by a
processing circuit of a user equipment, an input 1mage;
supplying, by the processing circuit, the input image to a
trained convolutional neural network (CNN) including a
multi-scale residual dense block (MRDB), the MRDB
including: a residual dense block (RDB); and an atrous
spatial pyramid pooling (ASPP) module; computing, by the
processing circuit, an MRDB output feature map using the
MRDB; and computing, by the processing circuit, an output
image based on the MRDB output feature map, the output
image being a denoised version of the mput image.

The method may further include supplying an input
feature map to the MRDB, the input feature map may be
supplied to a cascade of convolutional modules of the RDB
to compute an intermediate feature map, the mput feature
map may be supplied to the ASPP to compute a plurality of
feature maps at different dilation rates, the plurality of
feature maps at different dilation rates may be concatenated
by a concatenation layer, an output of the concatenation
layer may be concatenated with an intermediate feature map
of the residual dense block to form an RDB output feature
map, and the MRDB output feature map may be computed
based on the RDB output feature map.

The imput feature map may be supplied to an ASPP
convolutional module, and the plurality of feature maps at
different dilation rates may be calculated based on an output
of the ASPP convolutional module.

The tramed CNN may include a multi-scale residual
dense network (MRDN) including one or more convolu-
tional layers and a cascade of one or more MRDBs including,

the MRDB.
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The mput image may be supplied to a first group of
convolutional layers of the MRDN, an output of the first
group of convolutional layers may be supplied to the cas-
cade of one or more MRDBs, a plurality of inputs to the one
or more MRDBs may be concatenated with the output of a
last MRDB of the cascade of one or more MRDBs, com-
pressed by a 1x1 convolutional layer, and supplied to a
second group of convolutional layers to compute the MRDB
output feature map, the MRDB feature map may be added
to an output of the second group of convolutional layers by
an adder, and an output of the adder may be supplied to a
third group of convolutional layers to compute the output
image.

The trained CNN may include a first U-net with block
connection (U-Net-B) network including an encoder and a
decoder operating at a plurality of scales, a plurality of
MRDBs including the MRDB may connect the encoder and
the decoder at the plurality of scales.

The trained CNN may further include: a second U-Net-B
cascaded with the first U-Net-B to form a cascaded U-net
with block connection (MCU-Net), a first adder configured
to add the input 1mage to the output of the first U-Net-B,
wherein the output of the first adder 1s connected to an input
of the second U-Net-B; and a second adder configured to add
the output of the first adder to the output of the second
U-Net-B, wherein the second adder 1s configured to compute
the output of the CNN.

The trained CNN may include a multi-scale residual
dense network (MRDN) including one or more convolu-
tional layers and a cascade of one or more MRDBs including
the MRDB, the tramned CNN may further include a cascaded
U-net with block connection (MCU-Net) including a first
U-net with block connection (U-Net-B) network and a
second U-Net-B, the MRDN and the MCU-Net ma be
ensembled and configured to compute a first denoised image
and a second denoised 1mage, and the output 1mage may be
a combination of the first denoised 1mage and the second
denoised 1mage.

The user equipment may further include a camera system
integrated with the user equipment, the method may further
include controlling the camera system to capture the input
image, and the input 1mage may be received by the process-
ing circuit from the camera system.

According to one embodiment of the present disclosure,
a method for augmenting an 1mage dataset for training a
neural network to perform denoising, the image dataset
including real noisy images and corresponding ground truth
images, icludes: subtracting, by a processing circuit, a real
noisy 1mage from a corresponding ground truth image to
compute a noise image; clustering, by the processing circuit,
a plurality of noise values of the noise 1image based on
intensity values of the corresponding ground truth 1mage;
permuting, by the processing circuit, a plurality of locations
of the noise values of the noise image within each cluster;
generating, by the processing circuit, a synthetic noise image
based on the permuted locations of the noise values; and
adding, by the processing circuit, the synthetic noise 1mage
to the ground truth image to generate a synthetic noisy
image.

According to one embodiment of the present disclosure,
a user equipment configured to denoise an 1mage includes:
a processing circuit; and a memory storing instructions that,
when executed by the processing circuit, cause the process-
ing circuit to: receive an input 1image; supply the input image
to a tramned convolutional neural network (CNN) imple-
mented by the processing circuit, the trained CNN 1ncluding

a multi-scale residual dense block (MRDB), the MRDB
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including: a residual dense block (RDB); and an atrous
spatial pyramid pooling (ASPP) module; compute an
MRDB output feature map using the MRDB; and compute
an output image based on the MRDB output feature map, the
output 1mage being a denoised version of the input image.

The memory may further store instructions that, when
executed by the processing circuit, cause the processing
circuit to supply an input feature map to the MRDB, the
input feature map may be supplied to a cascade of convo-
lutional modules of the RDB to compute an intermediate
feature map, the mput feature map may be supplied to the
ASPP to compute a plurality of feature maps at diflerent
dilation rates, the plurality of feature maps at different
dilation rates may be concatenated by a concatenation layer,
an output of the concatenation layer may be concatenated
with an intermediate feature map of the residual dense block
to form an RDB output feature map, and the MRDB output
feature map may be computed based on the RDB output
feature map.

The mput feature map may be supplied to an ASPP
convolutional module, and the plurality of feature maps at
different dilation rates may be calculated based on an output
of the ASPP convolutional module.

The tramed CNN may include a multi-scale residual
dense network (MRDN) including one or more convolu-
tional layers and a cascade of one or more MRDBs including,
the MRDB.

The 1mput 1mage may be supplied to a first group of
convolutional layers of the MRDN, an output of the first
group of convolutional layers may be supplied to the cas-
cade of one or more MRDBs, a plurality of inputs to the one
or more MRDBs may be concatenated with the output of a
last MRDB of the cascade of one or more MRDBs, com-
pressed by a 1x1 convolutional layer, and supplied to a
second group of convolutional layers to compute the MRDB
output feature map, the MRDB feature map may be added
to an output of the second group of convolutional layers by
an adder, and an output of the adder may be supplied to a
third group of convolutional layers to compute the output
1mage.

The trained CNN may include a first U-net with block
connection (U-Net-B) network including an encoder and a
decoder operating at a plurality of scales, a plurality of
MRDBs including the MRDB may connect the encoder and
the decoder at the plurality of scales.

The trained CNN may further include: a second U-Net-B
cascaded with the first U-Net-B to form a cascaded U-net
with block connection (MCU-Net), a first adder configured
to add the input 1mage to the output of the first U-Net-B,
wherein the output of the first adder 1s connected to an input
of the second U-Net-B; and a second adder configured to add
the output of the first adder to the output of the second
U-Net-B, wherein the second adder 1s configured to compute
the output of the CNN.

The tramned CNN may include a multi-scale residual
dense network (MRDN) including one or more convolu-
tional layers and a cascade of one or more MRDBs including
the MRDB, the trained CNN may further include a cascaded
U-net with block connection (MCU-Net) including a first
U-net with block connection (U-Net-B) network and a
second U-Net-B, the MRDN and the MCU-Net may be
ensembled and configured to compute a first denoised image
and a second denoised 1mage, and the output 1mage may be
a combination of the first denoised 1mage and the second
denoised 1mage.

The user equipment may further include a camera system
integrated with the user equipment, the processing circuit
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may be further configured to control the camera system to
capture the input image, and the input image may be
received by the processing circuit from the camera system.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, together with the specifi-
cation, 1illustrate exemplary embodiments of the present
invention, and, together with the description, serve to
explain the principles of the present invention.

FIG. 1 1s a block diagram of an example of a digital
camera system, according to one embodiment.

FIG. 2 1s a flowchart of a method for processing an image
using a convolutional neural network (CNN) including a
Multi-scale Residual Dense Block (MRDB) according to
one embodiment of the present disclosure.

FIG. 3 1s a schematic block diagram illustrating an
architecture ol a Multi-scale Residual Dense Block (MRDB)
according to one embodiment of the present disclosure.

FIG. 4 1s a schematic block diagram illustrating an
architecture of a Multi-scale Residual Dense Network
including one or more MRDBs according to one embodi-
ment of the present disclosure.

FIG. 5 1s a schematic diagram of a Multi-scale Residual
Dense Block Cascaded U-Net with Block Connections
according to one embodiment of the present disclosure.

FIG. 6 1s a block diagram of a Multi-scale residual dense
Cascaded U-Net with Block-connection (MCU-Net) accord-
ing to one embodiment of the present disclosure

FIG. 7 1s a block diagram illustrating one example of an
ensemble of networks 1n which an MRDN 1s ensembled with
an MCU-Net according to one embodiment of the present
disclosure.

FIG. 8 1s a block diagram illustrating a method for
generating a synthetic noisy image according to one embodi-
ment of the present disclosure.

DETAILED DESCRIPTION

In the following detailed description, only certain exem-
plary embodiments of the present invention are shown and
described, by way of illustration. As those skilled 1n the art
would recognize, the invention may be embodied 1n many
different forms and should not be construed as being limited
to the embodiments set forth herein.

Aspects of embodiments of the present disclosure relate to
systems and methods for performing image processing.
Some aspects of embodiments of the present disclosure
relate to denoising images captured of a real scene by a
digital camera e.g., real 1mages as opposed to 1mages
rendered by a ray tracing engine or 3-D graphics engine of
a synthetic three-dimensional scene. Some aspects of
embodiments of the present disclosure relate to applying
image processing techniques to raw data captured by a
digital camera (e.g., prior to applying other digital filtering
or lossy 1image compression). Specifically, some aspects of
embodiments of the present disclosure relate to processing
an 1nput 1image (e.g., an mput noisy 1mage) captured by a
digital camera to obtain a denoised 1image (e.g. with reduced
noise), where the input 1mage and the denoised 1mage may
be 1n an 1mage sensor-specific or camera-specific raw red-
green-blue (RGB) color space (rawRGB) and/or 1n a stan-
dard RGB color space (e.g., sSRGB, scRGB, or the Adobe
RGB color space).

For example, images captured by a digital camera such as
a standalone camera (e.g., a compact point-and-shoot cam-
era or an interchangeable lens camera such as a digital
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single-lens reflex camera) or a camera integrated into a
smartphone or other computing device (e.g., a webcam
integrated ito a portable computer) may exhibit sensor
noise. This sensor noise may be especially noticeable under
conditions where high gain 1s applied to the image signals,
such as under low-light conditions.

Generally, image denoising reduces or removes the pres-
ence of noise, reconstructs details in the structural content of
images, and generates higher-quality output images from
lower-quality iput 1mages. Some techniques for image
denoising generally relates to removing noise from RGB
data (e.g., sSRGB data). These include classical methods
using handcrafted or explicitly specified filters, such as local
mean and block-matching and 3D filtering (BM3D). In
addition, a neural network architecture such as a convolu-
tional neural network (CNN) provides machine learning-
based alternatives to the comparative handcrafted tech-
niques, where statistical models are automatically trained to
denoise images based on large sets of training data (e.g., sets
ol noisy 1mages and corresponding low-noise versions).

Denoising raw data from a camera sensor (e.g., raw data
in accordance with a color filter placed 1n front of the sensor,
such as a Bayer color filter, to capture Bayer raw data)
generally produces higher quality results than denoising
after the conversion of the raw data into RGB data such as
sRGB data. For example, when an image signal processor
(ISP) within a camera renders sRGB 1mages from Bayer raw
sensor data, simple salt noise within the Bayer raw data will
alter the pixel values of neighboring pixels in the RGB
image, which can magnity the number of pixels affected by
the noise in the RGB 1mage, thereby degrading the quality
of the RGB 1mage. On the other hand, the impact of the noise
can be reduced 11 denoising 1s applied to the raw Bayer data
betfore rendering or conversion to RGB.

Accordingly, while some aspects of embodiments of the
present disclosure relate to systems and methods for denois-
ing 1mages in a raw data or raw camera data format such as
Bayer raw data, embodiments of the present disclosure are
not limited thereto and may also be applied to denoising data
in other formats, such as RGB 1mage data and CMYK 1mage
data.

Some applications of embodiments of the present disclo-
sure relate to performing image processing with, for
example, user equipment (UE) such as a standalone digital
camera or a digital camera integrated into a smartphone.
FIG. 1 1s a block diagram of an example of a digital camera
system 100 1n accordance with some embodiments of the
present disclosure, which may be components of, for
example, a standalone digital camera or a smartphone. For
the sake of clarity, a digital camera system 100 generally
includes a digital camera module 110 including a lens 112
mounted 1n front of an 1mage sensor 114 (e.g., a comple-
mentary metal oxide semiconductor (CMOS) image sensor).
The digital camera system 100 may further include a pro-
cessing circuit such as a processor (e.g., an application
processor (AP) and/or an 1image signal processor (ISP)) 130
configured to receive data captured by the digital camera
module 110 (e.g., image data of a scene), and may store the
received data in memory 150. The memory 150 may include
dynamic memory (DRAM) and/or persistent memory (e.g.,
flash memory). In some circumstances, the 1mage signal
processor 116 1s mtegrated into the processor 130. In some
embodiments, the digital camera system 100 further
includes a co-processing circuit or a co-processor 170 such
as a field programmable gate array (FPGA), a graphical
processing unit (GPU), a vector processor, or a neural
processing unit. In some embodiments, the co-processor 1s
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integrated with the processor 130 (e.g., on the same physical
die). The processor and the co-processor may be referred to
herein jointly as a “processor’” or a “processing circuit,” as
various operations may be distributed between different
physical circuitry in accordance with various design choices
and suitability to different types of tasks.

When operating a digital camera, 1n many circumstances,
the digital camera module 110 continually captures 1mages
of the scene. For example, the digital camera system 100
may show the continually captured images on the display
device 190 to provide a user (e.g., a photographer) with a
real-time preview of the view through the lens based on
current capture settings, such as focus, aperture, shutter
speed, sensor gain (e.g., ISO), white balance, and the like. In
some circumstances, a user may alter the capture settings
using controls of the digital camera system, which may
include physical buttons and dials on the camera or soft
controls (e.g., controls shown on a display device 190 that
1s touch sensitive). As one example, the user may adjust the
focus of the camera by touching a part of the display
showing a part of an object of the scene that the user wants
the camera to focus on. Generally, the user can also trigger
the recording of, for example, a single 1mage, a burst of
images, or a video by activating a “‘shutter release” or
“record” control (e.g., a hardware button or a software
button displayed on a screen).

While FIG. 1 shows one example of a digital camera
system 100, embodiments of the present disclosure are not
limited to use therewith. For example, image processing
techniques according to embodiments of the present disclo-
sure may also be implemented on one or more processors
separate from or remote from the digital camera 100. In
some embodiments, digital images (e.g., raw camera data or
converted RGB data) captured by the digital camera system
100 are transierred to one or more computer systems (€.g.,
a laptop computer, a desktop computer, and/or one or more
servers of a cloud computing system), and processors (e.g.,
clectronic processing circuits) of those one or more com-
puter systems to perform image processing in accordance
with embodiments of the present disclosure.

Various aspects of embodiments of the present disclosure
relate to real-image denoising networks. One aspect of
embodiments of the present disclosure relates to Multi-scale
Residual Dense Networks (MRDNs), which use one or more
Multi-scale Residual Dense Blocks (MRDBs). Another
aspect of embodiments of the present disclosure relate to a
MRDB Cascaded U-Net with Block-Connection (MCU-
Net). Aspects of embodiments of the present disclosure
relate to: using MRDB for the multi-scale feature in the
neural block design; using the block-connection to replace
the skip connection for the multi-layer feature; and using
noise permutation for data augmentation to reduce the
likelihood of or avoid model overfitting. Embodiments of
the present disclosure achieve good performance 1n recon-
structing or retaining texture details in 1images while remov-
Ing noise.

FIG. 2 1s a flowchart of a method for processing an 1mage
using a convolutional neural network (CNN) including a
Multi-scale Residual Dense Block (MRDB) according to
one embodiment of the present disclosure. As one example,
the CNN architecture including an MRDB may be trained to
perform 1mage denoising on an 1put 1image to generate an
image-processed (e.g., denoised) version of the mput image
using the MRDB.

Various operations of methods for an 1image processing
system according to embodiments of the present disclosure
may be implemented by one or more processing circuits of
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a computing system, as described above. For example, some
or all operations may be performed by: the processor 130
(e.g., an 1mage signal processor and/or an application pro-
cessor), some or all operations may be performed by the
co-processor 170, and some or all operations may be per-
formed by a remote computing device (e.g., a cloud com-
puting system or a personal computer system such as a
laptop or desktop computer). For example, in some embodi-
ments of the present disclosure, an 1image processing system
1s implemented entirely within a digital camera system 100
(e.g., on the memory 150, processor 130, and/or co-proces-
sor 170), entirely within an image processing system of a
personal computer system (e.g., on one or more processing,
circuits and memory of the personal computer system), or
entirely within an 1mage processing system implemented by
a cloud computing system (e.g., processing circuits of the
cloud computing system). Image processing systems 1n
accordance with embodiments of the present disclosure may
also be implemented in combinations of local processing by
a digital camera system 100, a personal computer system,
and a cloud computing system.

Referring to FIG. 2, according to one embodiment of the
present disclosure, 1n operation 210 an 1mage processing
system receives 1n 1mage for processing. As a motivating
example, one such 1mage processing operation 1s denoising.
In operation 230 the processing system supplies the mput

image to a tramned convolutional neural network (CNN)
which 1ncludes a Multi-scale residual Dense Block

(MRDB).

Multi-scale Residual Dense Block (MRDB) and
Multi-scale Residual Dense Networks (MRDN)

FIG. 3 1s a schematic block diagram illustrating an
architecture ol a Multi-scale Residual Dense Block (MRDB)
300 according to one embodiment of the present disclosure.

An MRDB according to embodiments of the present
disclosure combines multi-scale features computed by an
atrous spatial pyramid pooling (ASPP) module (see, e.g., L.
C. Chen, Y. Zhu, G. Papandreou, F. Schrofl, and H. Adam.
Encoder-decoder with atrous separable convolution {for
semantic 1mage segmentation. In £CCV, 801-818, 2018.)
and other features computed by a residual dense block
(RDB) module (see, e.g., Y. Zhang, Y. Tian, Y. Kong, B.
Zhong and Y. Fu. Residual dense network for image super-
resolution. In CVPR, pp. 24'72-2481, 2018.), where the input
teature map 302 1s supplied to ASPP module 320 and the
RDB module 350.

As shown 1n FIG. 3, an mput feature map 302 1s supplied
to the MRDB 300. The mput feature map 302 may be the
output of other portions (or layers) of a convolutional neural
network. In the embodiment shown in FIG. 3, the input
teature map 302 1s supplied to one or more convolutional
modules, such as ASPP convolutional module 310, which
includes a convolutional layer 312 and an activation func-
tion 314. The convolutional layer 312 performs a convolu-
tion operation on 1its mput feature map (e.g., convolving the
input feature map with the weights of a trained convolu-
tional kernel). The activation function 314 applies a function
to each element of its input (e.g., to each pixel of the output
of the convolutional layer 312). In the embodiment shown 1n
FI1G. 3, the activation function 314 1s a rectified linear unait
(ReLU) but embodiments of the present disclosure may use
other activation functions such as a leaky ReLLU function, a
soltplus function, a softmax function, a sigmoid function,

and the like.
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In the embodiment shown 1n FIG. 3, the output of the
ASPP convolutional module 310 1s supplied as input to the
ASPP module 320, which includes four parallel networ
blocks or layers including cony 1x1 layer 322, conv Rate 6
layer 324, cony Rate 12 layer 326, and pooling layer 328.
The cony Rate 6 layer 324 and cony Rate 12 layer 326
denote layers that implement 3x3 dilated convolutional
kernels with dilation rates of 6 and 12, respectively, where
the dilation rate refers to the spacing or stride between the
pixels of the kernel. The image pooling layer 328 computes
global features based on the mnput features (e.g., computes a
global average or a global maximum over all of the features
in the input to the ASPP 320). The Cony Rate 6 layer 324,
cony Rate 12 layer 326, and image pooling layer 328 capture
features of the mput to the block at different scales (multi-
scale) 1n accordance with the sizes of their receptive fields
set by their dilation rates i1n the case of the convolutional
layers or global features 1n the case of the pooling layer 328.
The features computed by the ASPP module 320 are con-
catenated by a concatenation layer 332 of a concatenation
module 330 and compressed using a cony 1x1 layer 334 of
the concatenation module 330. The output of the concatena-
tion module 330 1s then combined with other features
computed by the RDB module 350, described 1n more detail
below.

While FIG. 3 illustrates an ASPP module 320 having four
parallel network blocks cony 1x1 layer 322, cony Rate 6
layer 324, cony Rate 12 layer 326, and pooling layer 328,
embodiments of the present disclosure are not limited
thereto. For example, an ASPP module 320 may include
additional blocks or layers implementing convolutions at
different dilation rates (e.g., at dilation rates other than 6 and
12) and/or with different sized kernels (e.g. 5x5 kernels).

The residual dense block (RDB) 350 of the MRDB 300
includes a plurality of convolutional modules connected 1n
sequence, with residual connections between the outputs of
upstream modules to the mputs of the downstream modules,
including a concatenation module 358. In the embodiment
shown 1n FIG. 3, the RDB includes a first convolutional
module 352, a second convolutional module 354, and a third
convolutional module 356, where each convolutional mod-
ule includes a convolutional layer (e.g., stmilar 1n structure
to convolutional layer 312 of convolutional module 310) and
an activation function layer (e.g., implementing ReLU,
soltmax, or the like).

For example, first residual connections supply the input
feature map 302 to be combined with (e.g., concatenated

with) the other inputs to the second convolutional module
354, the third convolutional module 356, and the concat-
cnation module 358.

Similarly, second residual connections from the output of
the first convolutional module 352 supply the first output
feature map of the first convolutional module 352 to be
combined with (e.g., concatenated with) the other inputs
(e.g., the copies of the input feature map 302 from the first
residual connections) to the third convolutional module 356
and the concatenation module 358.

Likewise, third residual connections from the output of
the second convolutional module supply the second output
feature map of the second convolutional module 354 as to be
combined with (e.g., concatenated with) the other inputs to
the concatenation module 358.

The concatenation module 358 of the RDB 3350 concat-
enates the output of the last convolutional module (e.g., the
third convolutional module 356) and the feature maps from
carlier modules via the residual connections to compute an
intermediate feature map, which i1s concatenated with the
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output of the concatenation module 330 of the ASPP module
320 and compresses the concatenated result using a cony
1x1 layer. The output of the concatenation module 358 is
added to the mput feature map 302 by an adder 360 to
compute an output feature map 392 of the MRDB.

FIG. 4 1s a schematic block diagram illustrating an
architecture of a Multi-scale Residual Dense Network
(MRDN) 400 including one or more MRDBs according to
one embodiment of the present disclosure. The Multi-scale
Residual Dense Network (MRDN) according to one aspect
of embodiments of the present disclosure i1s based on the
Multi-scale Residual Dense Block (MRDB). The output of
an MRDB preserves the same number of channels of 1its
input to avoid the exponential complexity increase (as would
be the case if the MRDB had a larger number of output
channels than input channels). An MRDN architecture of a
neural network includes a cascade of MRDBs with dense
connections. Specifically, the outputs of the MRDBs are
concatenated and compressed with a cony 1x1 layer, and a

global residual connection 1s adopted to obtain clean fea-
tures.

In the example shown 1n FIG. 4, the MRDN 1ncludes three
MRDBs. However, embodiments of the present disclosure
are not limited thereto, and an MRDN may include one or
more MRDBs (e.g., at least one MRDB).

According to some embodiments of the present disclo-
sure, an MRDN 1s a convolutional neural network (CNN)
that 1s trained to perform 1mage processing on mput 1images.
For example, 1n some embodiments, the MRDN 1s trained to
perform denoising of an mput image 402 to generate a
denoised 1image 492. However, embodiments of the present
disclosure are not limited thereto. For example, 1n some
embodiments, an MRDN 1s trained to perform different
1mage processing operations such as edge detection, contrast
enhancement, and the like, such as by using diflerent train-
ing data in the training process. In some embodiments of the
present disclosure, an MRDN 1s used as a component of a
neural network, where the input to the MRDN 1s an input
feature map (e.g., the output of another portion of the neural
network) and its output 1s an output feature (e.g., to be
supplied as an mput to other computations, such as mput to
another portion of the neural network or to classical image
processing filters).

In the embodiment shown 1n FIG. 4, the input 1mage 402
1s supplied to a first group of convolutional layers 410
arranged 1n sequence, mcluding a first convolutional layer
411 which supplies its output to a second convolutional layer
412. Similar to the convolutional layers described above,
cach of these convolutional layers may include a convolu-
tional kernel of trained weights (e.g., weights learned
through a training process), where the mput to the convo-
lutional layer 1s convolved with 1ts corresponding convolu-
tional kernel to generate a corresponding output feature map.
While the first group of convolutional layers 410 in the
embodiment shown 1n FIG. 4 includes two convolutional
layers 411 and 412 1n sequence, embodiments of the present
disclosure are not limited thereto and may include more than
two convolutional layers or just one convolutional layer.

The output of the first group of convolutional layers 410
1s supplied to a group of one or more MRDBs 430 arranged
in sequence. In the embodiment shown 1n FIG. 4, the group
of MRDBs 430 includes a first MRDB 431 configured to
supply 1ts output to a second MRDB 432, where the second
MRDB 432 is configured to supply its output to a third
MRDB 434. In some embodiments, each MRDB 1n the
group of MRDBs 430 has a structure substantially similar to
that of the MRDB 300 as shown in FIG. 3, including an
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ASPP module and an RDB, where the outputs of the ASPP
module and the RDB are combined to generate an output of

the MRDB. In addition, 1n the embodiment shown 1n FIG.
4, residual dense connections 438 provide the iput to each
MRDB to the output of the last MRDB (e.g., the third
MRDB 433). These inputs are concatenated with the output
of the last MRDB by a concatenation module 440, which
includes a concatenation layer 441 and a Cony 1x1 layer
442, which compresses the concatenated information.

The output of the concatenation module 440 1s further
supplied to one or more second convolutional layers 450
(e.g., shown 1 FIG. 4 as one convolutional layer 451).
Adder 460 adds the output of the second convolutional
layers 450 to a feature map from the first group of convo-
lutional layers 410 as a global residual connection 462. In
the embodiment shown 1n FIG. 4, the feature map from the
first group of convolutional layers 410 1s the output of the
first convolutional layer 411.

In the embodiment shown 1 FIG. 4, the output of the
adder 460 1s supplied to one or more third convolutional
layers 470. In the embodiment shown 1n FIG. 4, these third
convolutional layers 470 include a convolutional layers 471
and 472. The third convolutional layers 470 compute the
output 1image 492 (e.g., a denoised or otherwise image
processed version of mput image 402, 1n accordance with
the training of the MRDN 400).

According to some embodiments of the present disclo-
sure, an MRDN 1s tramned to perform a particular image
processing operation, such as image denoising, using end-
to-end traiming on labeled training data (e.g., pairs of noisy
and denoised 1mages) using, for example, backpropagation
and gradient descent to train the weights of the convolu-
tional kernels of the convolutional layers and other weights
of any other trained layers of the neural network (e.g., tully
connected layers).

Accordingly, some aspects ol embodiments of the present
disclosure relate to a Multi-scale Residual Dense Network
(MRDN) architecture that can be trained to perform 1mage
processing operations such as image denoising using a
Multi-scale Residual Dense Block (MRDB) in accordance

with embodiments of the present disclosure.

Multi-Scale Residual Dense Block Cascaded U-Net
with Block Connection

Some aspects of embodiments of the present disclosure
relate to other convolutional neural network (CNN) archi-
tectures that include Multi-scale Residual Dense Blocks
(MRDBs). In more detail, some embodiments of the present
disclosure relate to a Multi-scale Residual Dense Block
Cascaded U-Net with Block Connections.

FIG. 5 1s a schematic diagram of a Multi-scale Residual
Dense Block Cascaded U-Net with Block Connections
according to one embodiment of the present disclosure. In
the embodiment shown in FIG. 5, the U-Net with block
connections (U-Net-B) 500 takes an mput feature map or
input 1mage 502 at a first scale 510 and operates at three
additional scales 530, 550, and 570 by using three down-
samplings 3513, 535, and 557 to scale down feature maps
between scales and three corresponding upsamplings 575,
5353, and 531 to scale up feature maps between scales. The
output 592 of the U-Net-B may be an output feature map or
an output 1mage (e.g., an 1mage processed version of the
input 1image 502, such as a denoised version of input image
502).

The U-Net-B 500 may be considered as including an
encoder 501 configured to generate encoded features at
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multiple scales (e.g., feature maps 524, 544, 564, and 584 )
that are supplied to a decoder 509 that combines the features
from the different scales to generate the output 592. The
U-Net-B 500 according to embodiments of the present
disclosure uses MRDBs as connections between the encoder
501 and the decoder 509 portions of the architecture (as a
“block connection™), which enables the U-Net-B 500 to
adaptively transform the features of the encoder 501 of the
U-Net-B 500 and transfer the transformed features to the
decoder 509 of the U-Net-B 500. Also, to enrich 1ts capa-
bility and robustness, the MCU-Net adopts a cascaded
structure. In contrast, a comparative U-Net that does not use
an MRDB utilizes the skip connection to jump over layers
across the encoder and decoder, without performing further
transformations of the feature maps.

In more detail, 1n the embodiment shown 1n FIG. 5, a 1x1
convolutional layer 511 1s used to expand the number of
feature channels from the mput 502 (e.g., mput feature map
or input 1mage) to generate an expanded mmput 521. The
expanded mnput 521 1s supplied to a first MRDB 512 of the
first scale 510 to compute a second feature map 322 at the
first scale 510. The second feature map 522 at the first scale
510 1s supplied to a second MRDB 514, which computes
encoded features 3524 at the first scale 5310. The second
feature map 322 1s also supplied to a first downsampling
module 513 that downsamples the second feature map 522
and applies a 1x1 convolution to the downsampled feature
map to generate a first feature map 541 at the second scale
530.

The first feature map 541 at the second scale 3530 1s
supplied to a first MRDB 532 at the second scale 530 to
compute a second feature map 342 at the second scale 530.
The second feature map 542 at the second scale 1s supplied
to a second MRDB 534 at the second scale 530 to compute
encoded features 544 at the second scale 530. The second
feature map 542 at the second scale 530 1s further supplied
to a downsampling module 535 that downsamples the sec-
ond feature map 542 and applies a 1x1 convolution to the
downsampled second feature map to generate a first feature
map 561 at the third scale 550.

The first feature map 561 at the third scale 550 1s supplied
to a first MRDB 552 at the third scale 350 to compute a
second feature map 562 at the third scale 550. The second
feature map 562 at the second scale 1s supplied to a second
MRDB 554 at the second scale 550 to compute encoded
features 564 at the third scale 550. The second feature map
562 at the third scale 550 1s further supplied to a downsam-
pling module 557 that downsamples the second feature map
562 and applies a 1x1 convolution to the downsampled
second feature map to generate a {irst feature map 581 of the
fourth scale 570.

The first feature map 581 of the fourth scale 3570 1s
supplied to an MRDB 572 of the fourth scale 570 to compute
encoded features 5384 of the fourth scale 570.

The encoded features 524, 544, 564, and 584 of the first
scale 510, the second scale 530, the third scale 550, and the
fourth scale 570, respectively, are supplied to the encoder
509.

The encoded features 584 at the fourth scale 570 are
supplied to an upsampling module 575 that upsamples the
encoded features 584 from the fourth scale 570 to the third
scale 550 to generate upsampled features 565 at the third
scale 550.

The upsampled features 5635 are concatenated with the
encoded features 564 at the third scale 550 and the concat-
enated features are supplied to a third MRDB 556 of the
third scale 5350 to generate output features 566 at the third

10

15

20

25

30

35

40

45

50

55

60

65

12

scale 550. The output features 566 at the third scale 350 are
supplied to an upsampling module 553 to upsample the
output features 556 from the third scale 550 to the second
scale 530 and to apply a 1x1 convolution to the upsampled
features to generate upsampled features 545 at the second
scale 530.

The upsampled features 545 are concatenated with the
encoded features 544 at the second scale 530 and the
concatenated features are supplied to a third MRDB 536 of
the second scale 530 to generate output features 546 at the
second scale 330. The output features 546 at the second scale
530 are supplied to an upsampling module 531 to upsample
the output features 546 from the second scale 530 to the first
scale 510 and to apply a 1x1 convolution to the upsampled
features to generate upsampled features 325 at the first scale
510.

The upsampled features 525 are concatenated with the
encoded features 524 at the first scale 510 and the concat-
enated features are supplied to a third MRDB 3516 of the first
scale 510 to generate output features 526 at the first scale
530. An output 1x1 convolution 1s applied to the output

features 526 by 1x1 Cony layer 517 to generate the output
592.

While the embodiment shown 1n FIG. 5 shows a U-Net-B
500 architecture with four different scales and three MRDBs
at each scale, embodiments of the present disclosure are not
limited thereto. For example, a U-Net-B 1n accordance with
embodiments of the present disclosure may include more
than four scales and may include different numbers of
MRDBs at various scales (e.g., at least one MRDB at each
scale). The number of MRDBs at each scale may differ
between different scales.

In some embodiments, to ensure that the network learns
only the difference between the training mput 502 and the
labeled training output 392, a residual connection 1s applied.
For example, 1n the case of image denoising, using a residual
connection shortens or simplifies the training process for
training the network to learn how to cancel the presence of
noise 1n mput 1mages and to generate clean output 1mages.

FIG. 6 1s a block diagram of a Multi-scale residual dense
Cascaded U-Net with Block-connection (MCU-Net) accord-
ing to one embodiment of the present disclosure. In the
embodiment shown 1n FIG. 6, two U-Net-Bs 651 and 652
are cascaded (e.g., arranged 1n sequence or in series). An
input 602 such as an input 1image or an input feature map, 1s
supplied to the first U-Net-B 651 which computes a first
feature map. A first residual connection 631 from the mput
to the first U-Net-B 651 supplies the input 602 to a first adder
661, which adds the first feature map to the mput 602.

The output of the first adder 661 1s supplied to the second
U-Net-B 652, which computes a second feature map. A
second residual connection 632 supplies the output of the
first adder to a second adder 662, which adds the output of
the first adder to the second feature map 652 to compute an
output 692 (e.g., an output feature map or an output 1mage,
such as a denoised version of the mput 602).

As noted above, when traiming the MCU-Net 600 end-
to-end (e.g., by supplying noisy images at the mput to train
weights to match training denoised 1images at the output), the
residual connections 631 and 632 cause the two U-Net-Bs
651 and 652 to learn differences between their inputs and the
desired outputs (e.g., values that cancel the noise).

As such, some aspects ol embodiments of the present
disclosure relate to an MCU-Net architecture for performing
image processing, including image denoising, where the
MCU-Net uses a MRDB {for performing additional trans-
formation of features between the encoder and the decoder
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of the MCU-Net, thereby improving the quality of the image
processing, such as the reduction or removal of noise from

an 1nput 1mage.
Ensemble Networks

Some aspects of embodiments of the present disclosure
relate to ensemble networks 1n which the outputs of different
networks are combined. For example, a Multi-scale Residual
Dense Network (MRDN) according to some embodiments
of the present disclosure (see, e.g., FIG. 4) may be
ensembled with another tramned predictor (e.g., another
convolutional neural network). As another example, a Multi-
scale residual dense Cascaded U-Net with Block-connection
(MCU-Net) according to one embodiment of the present
disclosure may be ensembled with another trained predictor.

FIG. 7 1s a block diagram illustrating one example of an
ensemble of networks in which an MRDN 1s ensembled with
an MCU-Net. As shown in FIG. 7, an ensemble 700 takes an
mput 702 (e.g., a noisy 1mage) and supplies the 1mage as
input to both a first network 750 (e.g., an MRDN) and a
second network 760 (e.g., an MCU-Net 760), where both the
first network 750 and the second network 760 are trained to
denoise the mput images supplied to them as mput. The two
networks 750 and 760 compute output denoised images, and
a combining module 770 combines the two output denoised
images (€.g., by computing a pixel-wise average or mean of
the two 1mages) to generate the output 792 of the ensemble.

While FIG. 7 illustrates an embodiment were two net-
works are ensembled together, embodiments of the present
disclosure are not limited thereto. For example, additional
denoising networks having different network architectures
may also be added in parallel with the first network 750 and
the second network 760. In some embodiments, the com-
bining module 770 uses operations other than an average for
combining the outputs of the different networks, such as a
weighted average based on confidences of the different
networks 1n the computed values or a voting-based combi-
nation. For example, in some embodiments, in a voting-
based combination, the output values computed by the
different networks 1s compared, and statistical outliers
among the computed values are discarded (e.g., 1n the case
of three networks, if two networks generate values that are
very close and the third network generates a value that 1s
very diflerent, then the value generated by the third network
1s discarded and an average of the first two networks 1is
returned as the output).

In addition, while FIG. 7 depicts the use of an average as
the operation performed by the combiming module 770,
embodiments of the present disclosure are not limited
thereto. For example, 1n some embodiments of the present
disclosure, the values computed by the different networks
are evaluated based on a quality metric (e.g., smoothness) 1n
different patches of their output images and the outputs of
the diflerent networks are weighted 1n each patch based on
the quality metric.

As such, some aspects of embodiments of the present
disclosure relate to neural network architectures and meth-
ods for using ensembles of networks, including networks
that include one or more MRDBs, to perform 1mage pro-
cessing operations such as image denoising.

Traiming Data/Data Augmentation With Noise
Permutation

As noted above, neural networks for performing image
processing operations using neural network architectures in
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accordance with embodiments of the present disclosure are
trained using training data sets, which include noisy input
images and corresponding denoised “ground truth” images
(e.g., the desired non-noisy output of the network). Training
a neural network generally mvolves mitializing the neural
network (e.g., setting the weights in the network, such as the
weights in the convolutional kernels, to random values), and
supplying the training input data to the network. The output
of the network 1s then compared against the labeled training
data to generate an error signal (e.g., a difference between
the current output and the “ground truth’ output), and a
backpropagation algorithm 1s used with gradient descent to
update the weights, over many iterations, such that the
network computes a result closer to the desired ground truth
1mage.

Image datasets for training a convolutional neural net-
work to perform denoising can be divided into two catego-
ries: synthetic 1image datasets and real image datasets based
on the source of the provided noisy images within dataset.
Synthetic image datasets are usually built by: first collecting
high-quality images as noise-free 1images by downsampling
a high-resolution i1mage or post-processing a low-1SO
image; then adding synthetic noise based on statistic noise
models (e.g., a Gaussian noise model or a Poissonian-
(Gaussian noise model) to generate synthetic noisy images.
Real image datasets are generally generated by: First col-
lecting multiple real noisy images 1n a short time (e.g., to
ensure minimal 1mage content change, such as scene lumi-
nance change or movement of objects 1n a scene; then fusing
these multiple 1images to generate a synthetic noise-free or
low-noise 1mage.

Generally, image datasets generated using the real 1mage
technique are closer to real data processed in practical
applications. However, there is still a challenge of an over-
fitting problem 1n learning-based methods due to limitations
of training data size (e.g., the datasets may not be large
enough to avoid the risk of overfitting).

Accordingly, some aspects of embodiment of the present
disclosure relate to data augmentation using noise permu-
tation, which can generate additional synthetic noisy image
data by utilizing real content and real noise information.

Data augmentation 1s an eflicient technique to help neural
networks to avoid the overfitting problem. Some compara-
tive approaches to data augmentation mvolve jittering of
various parameters of the mnput noising images, such as
luminance, contrast, and/or saturation. However, these jit-
tering approaches may change the noise characteristics of
real noisy images, and therefore may not generate data that
1s representative ol what would be seen 1n real world
conditions. Other common 1mage augmentations, such as
image thpping and rotation, cannot be directly utilized with
raw RGB data (e.g., Bayer raw data) because the shifted
positions of the pixels may not align with the actual loca-
tions of the Bayer filter, and because different pixel colors
may be associated with different noise characteristics. As
such, these comparative data augmentation techniques will
generate low-quality training images because of mismatched
Bayer patterns after augmentation.

Aspects of the present disclosure relate to a noise date
permutation approach to utilize real noise from real noisy
images to generate additional, synthetic noisy images. By
changing the spatial distribution of real noise, more training
samples are generated with real content and noise.

FIG. 8 1s a block diagram illustrating a method for
generating a synthetic noisy image according to one embodi-
ment of the present disclosure. The method shown 1n FIG.
8 may be implemented using an appropriate processing
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circuit, such as a processor and memory of a personal
computer or a server computetr.

As shown 1n FIG. 8, a representation or image of the noise
data 1n a real noisy image 801 1s generated by a noise
extractor 810, which subtracts the ground-truth (noise-iree)
image 803 from its corresponding noisy image 801. The
resulting noise data or noise image (e.g., the difference
between the real noisy image 801 and the noise-free 1image
803) 1s supplied to a noise-clustering module 820, which 1s
configured to divide the data into N clusters based on the
intensity values at the corresponding locations of the
ground-truth (noise-free) image 803. For example, N may
refer to the number of gray levels 1n the ground-truth 1image
803 (e.g., N=256 different levels per sub-pixel 1n the case of
8-bit color), and so the values of the noise data at every
location 1n the ground truth image 803 having intensity k are
grouped together 1into the k-th cluster for every value k from

1 to N.

Within each cluster, a random permutation 830 1s per-
formed to swap the positions of those noise values. For
example, noise permutation module 831 permutes the posi-
tions of the noise values for all locations corresponding to a
first intensity value in the ground truth image 803, noise
permutation module 832 permutes the positions of the noise
values for all locations corresponding to an 1-th intensity
value 1n the ground truth 1image 803, and noise permutation
module 833 permutes the positions of the noise values for all
locations corresponding to an N-th intensity value in the
ground truth image 803. After the permutation, a new
synthetic noise 1image 1s generated by putting the permuted
noise values back into locations of equal intensity in the
ground truth image 803, and an adder 860 adds the synthetic
noise 1image back to the corresponding ground-truth image
803 to generate a new synthetic noisy image 891. This
process can be repeated several times with the same input
images, but different permutations of the noise values to
generate different synthetic noisy images 892. Likewise, the
process can be repeated several times for each training
image and ground truth 1mage pair from the training data set.

Accordingly, some aspects of embodiments of the present
disclosure relate to data augmentation using noise permu-
tation, which: does not introduce artificial noise based on
statistical noise models; largely preserves the signal depen-
dency property of the noise in the raw camera data (e.g.,
rawRGB space or raw Bayer data) with proper N; and it
provides more training samples with different near-real
noisy images for a gwen ground truth 1mage. Accordmg vy,
data augmentation using noise permutation increases the

s1ze of the training data set with data that is closer to the type
of noise that would be encountered 1n real world situations,
thereby helping to avoid model overfitting during training.

Therelore, various aspects of embodiments of the present
disclosure relate to systems and methods for image process-
ing using convolutional neural networks (CNNs) including
a Multi-scale Residual Dense Block (MRDB). Some
embodiments of the present disclosure relate to architectures
for CNNs that include one or more MRDBs. For example,
a Multi-scale Residual Dense Network (MRDN) includes
convolutional layers and a sequence of cascaded MRDBs
with residual connections. As another example, a U-Net with
block connections (U-Net-B) 1s based on a U-Net architec-
ture and further includes MRDBs to provide connections

between an encoder portion and a decoder portion of the
U-Net-B. A Multi-scale residual dense Cascaded U-Net with

Block-connection (MCU-Net) includes multiple U-Net-B
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arranged 1n a cascade, with residual connections to train the
networks to learn noise patterns characteristic of 1mage
SENsors.

In addition, some aspects ol embodiments of the present
disclosure relate to data augmentation of training data sets
for denoising. Data sets augmented 1n accordance with these
embodiments of the present disclosure may be used to train
neural networks 1n accordance with other embodiments of
the present disclosure. In some embodiments, trained neural
networks 1n accordance with embodiments of the present
disclosure (e.g., a neural network including an MRDB, an
MRDN, a neural network including a U-Net-B, or an
MCU-NET) are deployed and executed on user equipment
(UE) such as smartphones, digital camera systems, and the
like.

While the present invention has been described in con-
nection with certain exemplary embodiments, 1t 1s to be
understood that the invention i1s not limited to the disclosed
embodiments, but, on the contrary, 1s mtended to cover
various modifications and equivalent arrangements included
within the spirit and scope of the appended claims, and
equivalents thereof.

What 1s claimed 1s:
1. A method for denoising an image comprises:
receiving, by a processing circuit of a user equipment, an
input 1mage;
supplying, by the processing circuit, the input 1mage to a
trained convolutional neural network (CNN) compris-
ing a multi-scale residual dense block (MRDB), the
MRDB comprising:
a residual dense block (RDB) comprising a plurality of
convolutional modules; and
an atrous spatial pyramid pooling (ASPP) module;
computing, by the processing circuit, an MRDB output
feature map based at least on:
an mtermediate feature map computed by the plurality
of convolutional modules of the RDB of the MRDB;
and
an output of the ASPP module of the MRDB; and
computing, by the processing circuit, an output image
based on the MRDB output feature map, the output
image being a denoised version of the mput image.
2. The method of claim 1, further comprising supplying an
input feature map to the MRDB,
wherein the mput feature map 1s supplied to a cascade of
the convolutional modules of the RDB to compute the
intermediate feature map,
wherein the input feature map 1s supplied to the ASPP to
compute a plurality of feature maps at different dilation
rates,
wherein the plurality of feature maps at different dilation
rates are concatenated by a concatenation layer,
wherein an output of the concatenation layer 1s concat-
enated with the intermediate feature map of the residual
dense block to form an RDB output feature map, and
wherein the MRDB output feature map 1s computed based
on the RDB output feature map.
3. The method of claim 2, wherein the input feature map
1s supplied to an ASPP convolutional module, and
wherein the plurality of feature maps at different dilation

rates are calculated based on an output of the ASPP
convolutional module.

4. The method of claam 1, wherein the trained CNN
comprises a multi-scale residual dense network (MRDN)
comprising one or more convolutional layers and a cascade
of one or more MRDBs comprising the MRDB.
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5. The method of claim 4, wherein the mput 1mage 1s
supplied to a first group of convolutional layers of the
MRDN,
wherein an output of the first group of convolutional
layers 1s supplied to the cascade of one or more
MRDBs,

wherein a plurality of mputs to the one or more MRDBs
are concatenated with the output of a last MRDB of the
cascade of one or more MRDBs, compressed by a 1x1
convolutional layer, and supplied to a second group of
convolutional layers to compute the MRDB output
feature map,

wherein the MRDB feature map 1s added to an output of

the second group of convolutional layers by an adder,
and

wherein an output of the adder 1s supplied to a third group

of convolutional layers to compute the output 1image.

6. The method of claim 1, wherein the trained CNN
comprises a first U-net with block connection (U-Net-B)
network comprising an encoder and a decoder operating at
a plurality of scales,

wherein a plurality of MRDBs comprising the MRDB

connect the encoder and the decoder at the plurality of
scales.
7. The method of claim 6, wherein the trained CNN
turther comprises:
a second U-Net-B cascaded with the first U-Net-B to form
a cascaded U-net with block connection (MCU-Net),

a first adder configured to add the iput image to the
output of the first U-Net-B, wherein the output of the
first adder 1s connected to an input of the second
U-Net-B; and

a second adder configured to add the output of the first
adder to the output of the second U-Net-B, wherein the
second adder 1s configured to compute the output of the

CNN.

8. The method of claim 1, wherein the trained CNN
comprises a multi-scale residual dense network (MRDN)
comprising one or more convolutional layers and a cascade
of one or more MRDBs comprising the MRDB,

wherein the trained CNN further comprises a cascaded

U-net with block connection (MCU-Net) comprising a
first U-net with block connection (U-Net-B) network
and a second U-Net-B,

wherein the MRDN and the MCU-Net are ensembled and

configured to compute a first denoised 1image and a
second denoised image, and

wherein the output 1mage 1s a combination of the first

denoised 1mage and the second denoised image.

9. The method of claim 1, wherein the user equipment
turther comprises a camera system integrated with the user
equipment,

wherein the method further comprises controlling the

camera system to capture the mput 1image, and
wherein the mput 1mage 1s received by the processing
circuit from the camera system.

10. A user equipment configured to denoise an 1mage, the
user equipment comprising;:

a processing circuit; and

a memory storing instructions that, when executed by the

processing circuit, cause the processing circuit to:

receive an input 1mage;

supply the mnput image to a trained convolutional neural
network (CNN) implemented by the processing cir-
cuit, the trained CNN comprising a multi-scale
residual dense block (MRDB), the MRDB compris-
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a residual dense block (RDB) comprising a plurality
ol convolutional modules; and
an atrous spatial pyramid pooling (ASPP) module;
compute an MRDB output feature map based at least
on:
an 1ntermediate feature map computed by the plu-
rality of convolutional modules of the RDB of the

MRDB; and
an output of the ASPP module of the MRDB; and
compute an output 1image based on the MRDB output
feature map, the output image being a denoised
version of the mput image.

11. The user equipment of claim 10, wherein the memory
turther stores instructions that, when executed by the pro-
cessing circuit, cause the processing circuit to supply an
input feature map to the MRDB,

wherein the mput feature map 1s supplied to a cascade of

the convolutional modules of the RDB to compute the
intermediate feature map,

wherein the input feature map 1s supplied to the ASPP to

compute a plurality of feature maps at different dilation
rates,

wherein the plurality of feature maps at different dilation

rates are concatenated by a concatenation layer,
wherein an output of the concatenation layer 1s concat-
enated with the intermediate feature map of the residual
dense block to form an RDB output feature map, and
wherein the MRDB output feature map 1s computed based
on the RDB output feature map.

12. The user equipment of claim 11, wherein the input
feature map 1s supplied to an ASPP convolutional module,
and

wherein the plurality of feature maps at different dilation

rates are calculated based on an output of the ASPP
convolutional module.
13. The user equipment of claim 10, wherein the traimned
CNN comprises a multi-scale residual dense network
(MRDN) comprising one or more convolutional layers and
a cascade of one or more MRDBs comprising the MRDB.
14. The user equipment of claim 13, wherein the mput
image 1s supplied to a first group of convolutional layers of
the MRDN,
wherein an output of the first group of convolutional
layers 1s supplied to the cascade of one or more
MRDBs,

wherein a plurality of mputs to the one or more MRDBs
are concatenated with the output of a last MRDB of the
cascade of one or more MRDBs, compressed by a 1x1
convolutional layer, and supplied to a second group of
convolutional layers to compute the MRDB output
feature map,

wherein the MRDB feature map 1s added to an output of

the second group of convolutional layers by an adder,
and

wherein an output of the adder 1s supplied to a third group

of convolutional layers to compute the output image.

15. The user equipment of claim 10, wherein the trained
CNN comprises a first U-net with block connection (U-Net-
B) network comprising an encoder and a decoder operating
at a plurality of scales,

wherein a plurality of MRDBs comprising the MRDB

connect the encoder and the decoder at the plurality of
scales.

16. The user equipment of claim 15, wherein the traimned
CNN further comprises:

a second U-Net-B cascaded with the first U-Net-B to form

a cascaded U-net with block connection (MCU-Net),
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a first adder configured to add the put image to the
output of the first U-Net-B, wherein the output of the
first adder 1s connected to an input of the second
U-Net-B; and

a second adder configured to add the output of the first
adder to the output of the second U-Net-B, wherein the
second adder 1s configured to compute the output of the
CNN.

17. The user equipment of claim 10, wherein the trained
CNN comprises a multi-scale residual dense network
(MRDN) comprising one or more convolutional layers and
a cascade of one or more MRDBs comprising the MRDB,

wherein the trained CNN further comprises a cascaded
U-net with block connection (MCU-Net) comprising a
first U-net with block connection (U-Net-B) network
and a second U-Net-B,

wherein the MRDN and the MCU-Net are ensembled and
configured to compute a first denoised 1image and a
second denoised image, and

wherein the output 1mage 1s a combination of the first
denoised 1mage and the second denoised image.

18. The user equipment of claim 10, further comprising a

camera system integrated with the user equipment,
wherein the processing circuit 1s further configured to
control the camera system to capture the input image,
and

wherein the mput 1mage 1s received by the processing

circuit from the camera system.
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